Escherichia coli cells released from a biofilm model formed in vitro on the surface of cotton threads in an artificial medium were compared with those of phagocytes and bacteria released from a newly developed in-vitro biofilm model. This new model of bacterial biofilm on the surface of cotton threads was developed by soaking cotton threads in rat carboxymethylcellulose pouch exudate and culturing E. coli in the exudate. The structure of the biofilm model and the surface structure of the bacteria in the biofilm resembled those observed in vivo in infected pouches, and they were quite different from those observed with the biofilm model in artificial medium. Both bacteria released from biofilm models in an artificial medium and those from biofilms in rat carboxymethylcellulose pouch exudate, in vitro, were almost equally resistant to killing by phagocytes. The sensitivity of these bacteria to phagocytosis was no different from that of normal bacteria grown in artificial medium. Bacteria from both models were also less sensitive to the killing activity of H202. Electronmicroscopy showed that bacteria from both models had some products that interacted with ruthenium red on their surfaces, but the respective quantities of these products differed.
Introduction
Bacteria in biofilms are a major concern for clinicbns in the treatment of infections because of their resistance to a wide range of antibi~tics.l-~ Biofilms have been found on the surface of implanted b i~m a t e r i a l s~~~ and in chronic bacterial diseases that are characterised by resistance to chemotherapyl1-l4 and they are resistant to clearance by humoral or cellular host defence mechanisms. [15] [16] [17] Despite several investigations of the increased resistance of biofilm bacteria to phagocytosis,'"* '' the mechanisms of the resistance of biofilm bacteria to the activity of phagocytes are still obscure.
Experimental bacterial biofilms have been formed on the surface of disks of silicone latex catheter material'* or on cellulose acetate rnembrane~l~~ 2o by culturing bacteria in an artificial medium. Nickel et aL2 formed "biofilms" on the surface of disks of urinary catheter material by culturing bacteria in artificial urine. However, more detailed investigations on the mechanisms of resistance of biofilm bacteria to antibiotics or host defence mechanisms require a com-
Huiztan polj*morphonuclear leucocj*tes ( PMNL)
Human PMNL were harvested and purified according to the methods of Zimmerli et Heparinised blood (60 ml) from a healthy volunteer was mixed with an equal volume of phosphatebuffered saline (PBS) containing dextran T500 (Pharmacia AB. Uppsala, Sweden) 3.5% and left at room temperature for 45 min. The white blood cell layer was collected and centrifuged at 1300 rpm for 5 min at 4°C. The precipitated cell fraction was washed once with 10 ml of Eagle's Basal Medium (EBM; Nissui-seiyaku Co., Ltd, Tokyo, Japan) by centrifugation at 4°C. Cells were resuspended in 4 ml of EBM.
The suspension was added gently to 4ml of FicollPaque solution (Pharmacia AB, Uppsala, Sweden) and centrifuged at 1300 rprn for 30 min at room temperature. The PMNL fraction was collected; 90 YO of the cells in the PMNL fraction were neutrophils.
Human serum was obtained from fresh blood of a healthy volunteer. The serum was heated at 56°C for 40 min before use. 
h r c u h
The methods used were described previously by Ajiki et d . l 0 An air pouch on the back of a rat was formed by injecting 10 ml of air subcutaneously with a 2 1 -gauge needle after trimming off the hair with a hair clipper. Just after removal of the needle, the needle hole in the skin was sealed with an adhesive agent. The next day, under anaesthesia, the air in the pouch was aspirated and a carboxymethylcellulose (CMC) pouch was formed by injecting 10 ml of sterilised CMC (Daiichi Pure Chemicals Co., Ltd, Tokyo, Japan) 1.5 '/o in saline. The pouch exudate which was used for the formation of biofilms in ritro was extracted with a syringe 7 h after the injection of CMC (about 7 ml of exudate could be extracted from a pouch). An infection was induced by inoculating 1 x 10' cfu of E. coli strain 704 into a pouch along with the CMC.
Sterilised cotton threads (no. 6, Suzuki-thread, Tokyo, Japan), 1 mm in diameter, were soaked in 5 ml of TSB or the pouch exudate, and 5 x lo6 cfu of E. c d i were added. The mixtures were incubated at 37°C for 24 h. The threads were then transferred into fresh TSB or pouch exudate and incubated again. Threads which had received two repeated transfers, i.e. 72 h after the beginning of incubation, were used for the experiments ( fig. 1 ). Fig. 2 is a flow chart of the experiments. The cotton threads with biofilms on their surfaces were rinsed once with TSB, and then soaked in fresh TSB and incubated at 37°C for 30-60min in a shaking apparatus. The critical incubation time was determined according to the turbidity of the TSB to control the number of planktonic bacteria (PB) released from the biofilm. The PB were used as biofilm bacteria in the following experiments. As a control in each experiment, bacteria which had been cultured in TSB at 37°C for 72 h were used.
Preparation of biojilm bacteria
Sensitivity of PB to phagocytosis and phagocytic killing TSB (0.25 ml), containing c. 3 x lo7 cfu of PB/ml, was mixed with EBM 0-55 ml, human serum 0-2 ml, 0.5 ml of EBM containing 4 x lo7 PMNL/ml, and 0.5 ml of EBM containing gelatin (Wako-junyaku Industry Co., Ltd, Tokyo, Japan) 4 Yo. For reaction mixtures without PMNL, 0.5 ml of EBM was added in place of the PMNL suspension. The reaction mixtures were incubated at 37°C in a rolling incubator (7 rpm). At 1 and 2 h after the beginning of incubation, the number of bacteria in a reaction mixture was counted on Heart Infusion Agar (Eiken-kagaku). Each experiment was repeated three times.
For measurement of the sensitivity of PB to phagocytosis, the reaction mixtures were centrifuged at 1300 rpm for 5 min at 4"C, 15 min after the beginning of incubation. Precipitated PMNL were resuspended in a small amount of human serum and smeared on to glass slides. Phagocytosis was observed by microscopic examination of Wright-stained cell smears. One hundred neutrophil PMNL on each smear were examined, and the percentage of phagocytosing neutrophils and the mean number of bacteria/phagocytosing neutrophil were calculated. Each experiment was repeated five times.
Sensitivity of PB to killing activity of H , 0 2 A small amount of H 2 0 2 31 YO solution (Iwai Kagaku Co., Ltd, Tokyo, Japan) was added to TSB containing c. 3 x lo6 cfu of PB/ml, to make the H,O, concentration 0.01 YO or 0-001 YO. The reaction mixtures were incubated at 37°C in a shaker. After 1 h, numbers of viable bacteria were counted on heart infusion agar. Each experiment was repeated three times.
Electronmicroscopy
Scanning electronmicroscopy. Pieces of subcutaneous tissue from the infected CMC pouches and the cotton threads were processed for scanning electronmicroscopy by fixing for 90 rnin at 4°C in glutaraldehyde 2 YO in 0-1 M PBS, pH 7.4, with sucrose 8 %. This was followed by re-fixation for 90 min at 4°C in osmic acid 2 YO in the same buffer, dehydration in a series of aqueous ethanol solutions (50-100%), The structure of the biofilm formed in vitro in CMC pouch exudate and the structure of the surface of bacteria in the biofilm resembled those observed in vivo in the infected pouches. However, they differed from those formed during growth in TSB.
Sensitivity of PB to killing by phagocytes
The sensitivity of PB released from biofilms formed in vitro on the surface of cotton threads in the pouch exudate (PB-Pouch) or TSB (PB-TSB) to killing by human PMNL is shown in fig. 6 . The number of control bacteria decreased to c.1 % after incubation for 2 h with PMNL. However, PB from both sources showed almost the same degree of resistance to killing fig. 7 . PB-Pouch and PB-TSB showed almost the same degree of resistance to killing. substances were not found on the surface of the control bacteria.
Transmission electronmicroscopy of PB
Figs. 8a, b and c are, respectively, transmission electronmicrographs of PB-Pouch, PB-TSB, and control bacteria. The surfaces of both types of PB were covered with substances that bound ruthenium red, although there was much more of these substances on the surfaces of PB-Pouch than on PB-TSB. Such
Discussion
In the bacterial infection model of CMC pouches on the backs of rats, biofilms of complicated structure were formed on the surface of subcutaneous tissue. In this report, interactions between human PMNL and bacteria released from two bacterial biofilm models that were formed in ritro in different media were compared. One model was formed in an artificial medium. TSB, and the other in rat CMC pouch exudate. The structure of the biofilm formed in the pouch exudate and the surface structure of bacteria in the biofilm were similar to those observed in the infected CMC pouches, but they were quite different from those observed with bacteria from the biofilm model formed in the artificial medium, TSB.
Both PB-Pouch and PB-TSB showed significant resistance to killing by human PMNL, but they were as sensitive to phagocytosis by PMNL as the control bacteria. The significant increase in resistance of both PB to killing by H,O, clearly suggested that the increase in resistance of PB to killing by PMNL was caused by an increase in resistance of PB to killing by active oxygen species in PMNL. No significant differences in resistance to killing by PMNL and H,O, were found between PB-Pouch and PB-TSB.
Transmission electronmicrographs showed that both PB were covered with some substances that bound ruthenium red, although PB-Pouch had more of these surface substances than PB-TSB. However, such substances were not found on the surface of the control bacteria.
From these experimental data, it may be reasonable to speculate as follows: (1) E. coli strain 704, cells change to produce substances (acidic polysaccharides) that bind ruthenium red on their surfaces when they adhere to the surface of threads in pouch exudate or TSB, although the quantity of such substances changes according to the medium used. ( 2 ) The differences in appearance between bacteria in biofilms formed on the surface of threads in pouch exudate and TSB observed by scanning electronmicroscopy may have resulted from quantitative differences of acidic polysaccharides, i.e., acidic polysaccharides, coupled with some components in the pouch exudate, may be necessary for the development of bacterial biofilms in vivo. (3) Bacteria may acquire resistance to killing by active oxygen species produced by PMNL by production of acidic polysaccharides. However, it may be reasonable to state that the production of acidic polysaccharides is not a direct cause of the resistance, because the resistance seemed not to depend on the quantity of polysaccharide. (4) The presence of acidic polysaccharides on the surface of an individual bacterium released from a biofilm might not influence phagocytosis by PMNL. However, it is possible that a large quantity of polysaccharides influences phagocytosis by PMNL; Simon et reported that a strain of Bacteroides fragilis, which is covered with capsular polysaccharide, was significantly more resistant to phagocytosis by neutrophils. Johnson et a l l 7 showed that bacteria adhering to a plastic surface and producing slime were more resistant to uptake by PMNL than bacteria that did not produce slime. Adherent bacteria, as well as bacteria buried in
